INTRODUCTION
Vanadate-dependent haloperoxidases (VPOs) catalyze the 2-electron oxidation, by peroxide, of halides to hypohalous acid, and of (prochiral) sulfides to (chiral) sulfoxides [1], eqs. 1a and 2. The enzymatic formation of hypohalous acid is followed by the nonenzymatically halogenation of organic substrates, eq. 1b. The enzymes have been isolated from marine algae, from a lichen and a fungus. Structural characterization is available for the peroxidases obtained from the brown marine alga Ascophyllum nodosum [2] , the red algae Corallina oficinalis and C. pilulifera [3] , and the fungus Curvularia inaequalis [4a] , including a variety of mutants [4b,c] and the peroxo form [5] of the latter. All of these enzymes contain the same cofactor, viz. vanadate covalently attached to histidine-Nε of the protein; Fig. 1 , a. Vanadium is in a trigonal-bipyramidal environment with the doubly bonded oxo group in the plane and His in one of the axial positions. This is also the dominating feature in certain acid phosphatases inhibited by vanadate [6] , Fig. 1 [7] or cysteinate [8] at the binding site, Fig. 1 , c. Serine is also close to (and in H-bonding contact with) the active center of the VPOs. This similarity between peroxidases and phosphatases is not restricted to the vanadate center, but extends, in the case of peroxidases and acid phosphatases, to the amino acid sequence at the active centers [4b,9] and to motifs in the tertiary structure, suggesting convergent evolution or a common evolutionary origin. Furthermore, ViPs have some haloperoxidase activity [10] , while the apoperoxidases have been shown to exhibit some phosphatase activity [9, 11] .
For the catalytic cycle, a peroxo (and hydroperoxo) intermediate [12] as well as a hypobromito intermediate [13] have been proposed (Fig. 2) . In the peroxo form, which has been structurally characterized [5] , a square-pyramidal geometry prevails (Fig. 1, d) , with the symmetrically coordinated peroxo ligand in the plane and the oxo group in the apex. Reduction of the A. nodosum enzyme to the vanadyl (VO 2+ ) forms leads to its inactivation and rearrangements in the coordination sphere, including coordination of a second N-donor [14] ; Fig. 1, e .
In the present study, we report on oxovanadium(IV) and -(V) complexes with an overall NO 4 donor set in a (distorted) trigonal-bipyramidal or square-pyramidal environment, with the nitrogen function provided by an amine-or imine-N. These complexes model structure features of the active sites of peroxidases and the vanadate-inhibited phosphatases (ViPs). Vanadate is well known to inhibit phosphate-metabolizing enzymes such as phosphatases, kinases, and ribonucleases [15] . In several specific cases, stimulation may also occur; an example is phosphoglycerate mutase [16] . It has been proposed that these interactions are due to coordination of vanadate to histidine, hydroxide of tyrosine, serine, or threonine at the active site of the phosphatase. This view has been corroborated by structural evidence on an alkaline phosphatase from Escherichia coli [7] , a bovine phosphotyrosyl phosphatase [8] and a rat acid phosphatase [6b] . In the case of cysteine in the active site, redox and non-redox inactivation by vanadates may occur [17] . We complement our structural models by a peroxo complex, i.e., a model for an active intermediate in oxo transfer to a substrate, and by catalytically conducted enantioselective sulfide oxidation and thus a model reaction for the function of the enzyme. 
COMPLEXES WITH AMINO-BIS(ETHANOLS)
The ligands H 2 L 1 are prepared from styrene oxide and the respective amine 1,2-(L 1(2) ) or 1,3-(L 1(1) ) by ring opening (Scheme 1) and purified by flash chromatography on silica gel; see ref. [18] for analogous reactions. Reaction of H 2 L 1 with VO(iPr) 3 in methanol yields the complexes [VO(OMe)L 1 ] (1 and 2; Scheme 1) in the R,S (1) and R,R configurations (2), respectively. Characteristic IR data are collated in Table 1 Both complexes crystallize in the monoclinic space group P2(1). Selected bonding parameters are compiled in Table 2 , ORTEP plots are shown in Fig. 3 . The τ values [18] , 0.73 for 1, 0.75 and 0.77 for the two independent molecules in the asymmetric unit of 2, indicate slight distortions from the trigonal-bipyramidal (τ = 1) toward the square-pyramidal arrangement (τ = 0), which compares to other complexes with related ligands [19] and clearly differs from the otherwise commonly observed square-pyramidal geometry of five-coordinated oxovanadium complexes. Compounds 1 and 2 thus are structural mimicks of the active center of the peroxidase and vanadate-inhibited acid phosphatase (acid ViP), a and b in Fig. 1 . The chirality provided by the active site amino acids of the enzyme may be considered to be modeled by the chiral centers in the ligand periphery of the complexes. In addition, the compounds model a functional feature of the peroxidases, viz. their enantioselective sulfideperoxidase activity (eq. 2). We have investigated the model system benzylphenylsulfide/cumylhydroperoxide/vanadium catalyst (molar ratio 1/1/0.1; temperature -20 °C). The best results with respect to selectivity (sulfoxide vs. sulfone), yield, reaction time, and ee (37 % of the R,R enantiomer) have been obtained with the in situ system VO(OiPr) 3 /R,R-L 1(3) . The results, graphically presented in Fig. 4 , compare to those obtained with related [19] and other vanadium-based catalyst systems [20] . Considerably higher ee have been reported for systems based on Schiff-base ligands that derive from substituted salicylaldehyde and chiral amino-monoalcohols [21] . The fairly low ee for our complexes possibly reflects flexibility and thus the presence of several isomers in solution, as evidenced by the 51 V NMR chemical shifts, δ( 51 V) = -452 and -470 ppm (ratio of integral intensities 2:1) for 1, and -418, -446, and -455 ppm (1.0:0.25:0.15) for 2. Table 2 Selected bond lengths (Å) and angles (°) for complexes 1-5 a .
[VO (L 1(1) (7) 150.69(12) 149.11 (14) O1-V-O6 109.3(3) O2-V-O1 N1-V-O10 O4-V-N 87.79 (7) O4-V-N 114.16 (7) 78.58 (12) 87.65 (12) O2-V-O10 O2-V-N 78.63 (7) O2-V-N 151.06 (12) 78.91(12 O10-V-O11 43.68 (11) a See Schemes 1 and 2 for ligand abbreviations. b For one of the two independent molecules. [VO (L 1(1) Fig. 5 for an ORTEP plot, and Table 2 for structure parameters of the anion 3). For selected IR data, see Table 1 ; the chemical shift δ( 51 V) in D 2 O is -623 ppm. The anion 3 shows the pentagonal-bipyramidal structure common of peroxovanadium complexes [21] . The doubly bonded oxygen (O1) and one of the carboxylate oxygens (O6) form the axis. The carboxylate oxygens, O1 and O10/O11, are in bonding contacts with the potassium ion, the coordination sphere of which additionally contains 1-3 aqua ligands. K + is asymmetrically coordinated to the peroxo ligand (e.g., 2.799 and 2.938 for K2-O10/O11, and 2.831 and 3.203 Å for K1-O21/O22), which fact may be considered to mimic the hydroperoxo situation of the hydroperoxo intermediate postulated in the catalytic turnover (Fig. 2, vide supra) . Possibly as a consequence of this bonding interaction, the η 2 -bonded peroxo ligand (O10/O11) is slightly but significantly asymmetrically coordinated to the vanadium center. The d(O10-O11) is slightly shorter, the O10-V-O11 angle is slightly narrower than commonly observed in peroxovanadium complexes [22] . K + ···(O 2 )V interaction has been described previously; no influence on the symmetrical side-on coordination of the peroxo group has, however, been observed [23] . In addition, there are intermolecular contacts between the anions mediated by π-π stacking (3.3 Å). 
© 2005 IUPAC, Pure and Applied Chemistry 77, 1607-1616

Models of vanadate-containing proteins 1611
)], 1 [VO(L 1(2) )], 2 b [VO(O 2 )(L 2 ) 2 ] 3-, 3 b [VO(L 3(2) )], 4b [VO(L 3(3) )], 5
COMPLEXES WITH SCHIFF BASES CONTAINING TYR AND SER CONSTITUENTS
CONCLUSION
Oxovanadium compounds have been structurally characterized, which model the catalytic centers of VPOs and vanadate-inhibited acid phosphatases (acid ViPs). The V V compounds 1 and 2 contain an O 4 N donor set in an essentially trigonal-bipyramidal environment, with the oxo group in the plane, and the axial positions occupied by OMe (corresponding to the axial OH in the cofactor) and nitrogen (represented by an amine-N and corresponding to the axial His in VPO and acid ViP). The chirality of the protein pocket is mimicked by chiral centers in the ligand periphery of the complexes. The in situ generated complex 1 (and 2, as well as authentic 1 and 2; not shown) mimic the sulfideperoxidase activity of the VPO. The anionic oxo-peroxo complex 3 contains a slightly asymmetrically side-on coordinated peroxo ligand, due to bonding interactions of one of the peroxo oxygens with the potassium counterion, reminiscent of the hydroperoxo intermediate proposed as the site of substrate attack in catalytic turnover. The oxovanadium(IV) complexes 4 and 5 have tetragonal geometry and resemble the inactive, reduced (V IV ) state of the peroxidases. These complexes had been designed to model axial serine and tyrosine coordination in vanadate-inhibited alkaline phosphatases; the Ser-OH and Tyr-OH remain, however, dangling due to preferential coordination of the terminal carboxylato group. The V···O(Ser) distance in 5, 4.39 Å, and the involvement of the Ser-OH in hydrogen-bonding models corresponding features in the active site of the VPOs. 
